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Proton-nucleus collisions (p+A) at LHC energies provide a rigorous test of the Color Glass Con-
densate (CGC), a model proposed to describe the high energy limit of Quantum Chromodynamics.
In the CGC the average multiplicity of charged particles at midrapidity in p+A collisions depends
logarithmically on the number of participants, Npart. In contrast, the Wounded Nucleon Model
(WNM) of independent nucleon-nucleon scatterings, verified at RHIC energies, predicts that mul-
tiplicity in p+A depends linearly on Npart. We argue that the dependence of mean multiplicity
on Npart in p+A collisions at LHC energies can single out a model of particle production, thus
offering a stringent test of the CGC and the WNM. Based on this observation we propose a novel
experimental test of color coherence in p+A collisions.
PACS numbers: 25.75.-q, 25.75.Ag
Understanding the properties of strongly interacting
matter at extreme conditions is the ultimate goal of
heavy-ion experiments at Relativistic Heavy-Ion Collider
(RHIC) and the Large Hadron Collider (LHC). The the-
oretical description of nucleus-nucleus (A+A) collisions
is complicated because of the importance of the non-
perturbative nature of the strong forces at long distances,
and the fact that one has to tackle a many body problem
without obvious reduction to effective degrees of freedom.
The last decade of collecting and analysing experimen-
tal data shows that a phenomenological application of
hydrodynamics, an effective theory of long wavelength
excitations in strongly-coupled systems, can successfully
describe a large body of experimental data [1], includ-
ing momentum spectra of produced particles and two-
particle correlations. However, from the theoretical per-
spective the application of hydrodynamics is not based on
Quantum Chromodynamics (QCD) because many open
issues are unresolved including the non-equilibrium early
stage of heavy-ion collisions, thermalization, and many
others. These problems demand development of the non-
perturbative methods to QCD, which are not available at
present. Many models, including a holographic approach
to QCD-like theories (see e.g. Ref. [2]) and the Color
Glass Condensate (CGC) (see e.g. Ref. [3]) aspire to de-
scribe various stages of a heavy-ion collision. However, a
commonly accepted and complete picture is still lacking.
The complexity of heavy-ion collisions is reduced con-
siderably in the case of proton-proton (p+p) and proton-
nucleus (p+A) collisions owing to the expected domi-
nance of the initial state effects [4], however recent stud-
ies of p+A collisions [5–8] put this into question. The
initial state effects are poorly studied in A+A collisions
with their strong final state interactions. Recent mea-
surements at the LHC have provided new constraints on
the models of particle production in p+p and p+A col-
lisions, which can be used for further understanding of
A+A collisions. Especially, disentangling the initial and
final state effects is of primary importance for many stud-
ies of QCD properties in A+A collisions, as the search
for the QCD Critical Point, CP violation and extracting
transport properties of quark-gluon plasma.
One of the most important questions in p+A physics
is whether the initial state of colliding nuclei behave as
a superposition of its constituents or rather as a coher-
ent gluon field predicted in the Color Glass Condensate.
The CGC provides a framework to study particle pro-
duction and scattering in QCD at high energies (small
x). The key ingredients of the CGC are weak coupling,
αs  1; large gluon density ∝ 1/αs corresponding to
strong classical fields; nonlinear effects such as recombi-
nation and scattering of gluons characterized by single
dynamically generated scale, Qs, the so-called saturation
momentum, a typical transverse momentum below which
the field modes have large occupation numbers ∝ 1/αs.
At present, there is no direct experimental evidence
in favor of the CGC. In this Letter, we provide a pow-
erful yet simple method to disentangle the mechanism
of particle production in p+A collisions [29]. We show
that in the CGC the mean number of produced particles
at midrapidity depends logarithmically on the number
of wounded nucleons, in a striking contrast to an expec-
tation of a linear dependence on Npart. In experiments
Npart is difficult to measure in a model-independent way
and we also propose an alternative probe based on the
above observation, which can be straightforwardly mea-
sured at the LHC.
In the Wounded Nucleon Model (WNM) [10], the av-
erage multiplicity in p+A collisions depends linearly on
the number of participants
〈NpAch 〉 =
〈nppch 〉
2
Npart, (1)
where 〈NpAch 〉 and 〈nppch 〉 are the average numbers of pro-
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FIG. 1: The average number of particles at midrapidity, η =
0, in the Color Glass Condensate (CGC) and the Wounded
Nucleon model (WNM) in p+Pb collisions at
√
s = 5.02 TeV.
In the CGC, the mean multiplicity depends logarithmically
on the number of participants. In the WNM, average multi-
plicity is a linear function of Npart. In central p+A collisions,
corresponding roughly to Npart > 18, there is approximately
a factor of 2 difference between the two models. The CGC
curve is computed numerically in the rcBK model [19, 20].
duced particles in p+A and p+p collisions, respectively,
and Npart is the number of wounded nucleons. The in-
terpretation of Eq. (1) is the following. Each participant
in a nucleus is struck exactly once and produces a cer-
tain number of particles, which, on average, is equal to
the half of that in p+p collisions, 〈nppch 〉/2. The pro-
jectile proton is assumed to yield the same number of
particles independently of how many interactions it un-
derwent [30]. Equation (1) was experimentally verified
for different energies, ranging from 10 GeV [11] to 200
GeV in d+Au collisions at RHIC [12]. Particularly suc-
cessful is the description of d+Au collisions: Eq. (1) was
confirmed for the total number of produced particles [12]
and their number at midrapidity [13]. Moreover, with an
extension of the WNM, the entire pseudorapidity distri-
bution at all measured centralities was described [13, 14].
It was formerly believed that multiplicity in p+A de-
pends on the number of collisions in accordance with
〈NpAch 〉 = 〈nppch 〉Ncoll = 〈nppch 〉(Npart − 1). (2)
In this scenario, each nucleon-nucleon collision in a nu-
cleus produces on average 〈nppch 〉 particles. In other words,
a projectile proton creates new particles in every colli-
sion. Both Eqs. (1) and (2) are characterized by a linear
dependence on the number of participants, although in
the former case particle abundance is significantly lower.
Equation (2) is expected to hold for the particles in
the high transverse momentum region, k⊥  Q(A)s [31],
where jets are produced in each nucleon-nucleon colli-
sion; while Eq. (1) is plausibly applicable for particles
with transverse momenta in the non-perturbative region.
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FIG. 2: The probability distribution of the number of
wounded nucleons in p+Pb collisions at
√
s = 5.02 TeV in
the Glauber Monte-Carlo model.
The CGC result in the non-perturbative regime is dif-
ferent from Eq. (1). On very general grounds it is pre-
dicted that at midrapidity [32]
〈NpAch 〉 ∼ ln(Npart). (3)
We will not dwell on the technical aspects of the deriva-
tion of Eq. (3), but pass on at once to its intuitive under-
standing. The dependence (3) can be obtained from the
integrated gluon transverse momentum spectrum found
in Ref. [15, 16]. This spectrum might be understood from
the argumentation which follows. First of all, assum-
ing validity of the CGC framework, we implicitly accept
that Q
(p)
s , Q
(A)
s  ΛQCD. For the sake of argument, we
also consider that the saturation momentum of a proton
is much smaller then that of a nucleus, Q
(p)
s  Q(A)s .
In this case, the gluon spectrum can be obtained ana-
lytically under reasonable assumptions. Gluons at large
transverse momentum, k⊥  Q(A)s , are affected by nei-
ther the field of the proton nor the nucleus, and con-
sequently are produced according to the ordinary per-
turbation theory of QCD with the characteristic 1/k4⊥
dependence. The low k⊥ gluons, ΛQCD < k⊥ < Q
(p)
s , are
in the nonlinear regime with respect to both the fields of
the proton and nucleus. The problem of gluon produc-
tion in this domain is only tractable numerically. Here,
the gluon distribution is expected to be independent of
k⊥ modulo logarithmic corrections. In the intermediate
region, Q
(p)
s < k⊥ < Q
(A)
s , the proton’s gluon field can
be treated perturbatively, while that of the nucleus is in
the saturation regime and must be accounted for classi-
cally. The gluon production can effectively be regarded as
bremsstrahlung of large-x partons in the classical gluon
field of the nucleus. Thus, the transverse momentum de-
pendence is modified from the perturbative one to the
one inherently characteristic for bremsstrahlung ∼ 1/k2⊥
(see also Ref. [17] for the numerical confirmation of this
dependence).
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FIG. 3: The probability distribution of the number of participants, Npart, and the number of produced particles at midrapidity,
Nch, in the Wounded Nucleon Model (left) and the Color Glass Condensate (right) in p+Pb collisions at
√
s = 5.02. For
Npart > 10, the CGC has a significantly larger fluctuations of Nch at a given number of Npart.
The gluon momentum distribution at midrapidity is
dominated by this intermediate region Q
(p)
s < k⊥ < Q
(A)
s
with d2N/d2k⊥ ∼ 1/k2⊥ [33]. Integrating w.r.t. k⊥, we
obtain [34] [35]
〈Nch〉 ∼ ln
(
Q
(A)
s
Q
(p)
s
)
∼ ln(Npart). (4)
The second part of this equation, originates from the fact
that (Q
(A)
s )2 is proportional to the number of participants
from the nucleus, (Q
(A)
s )2 ∝ Npart− 1 ≈ Npart. This dis-
cussion is deficient in several aspects. More rigorous ap-
proach is to incorporate quantum corrections by solving
renormalization group equations, as the JIMWLK hierar-
chy [18], on top of classical field defined by the ab-initio
first principle calculations of the nuclear wave function
at small x. The JIMWLK equations can be written in a
closed form in the limit of large number of colors, the so
called BK equation. The latter can be improved by tak-
ing into account the running coupling corrections. This
approach was developed in Refs. [19, 20] and is referred
to as rcBK in the literature. The initial conditions for
the BK evolution are defined by the global fits of the
deep inelastic scattering data performed by the AAMQS
collaboration [21]. For more details of the rcBK imple-
mentation and its predictions for p+A collisions we refer
the reader to Refs. [19, 20].
Figure 1 illustrates the predictions of the CGC and
the WNM for the average number of charged particles at
midrapidity [36], η = 0, in p+Pb collisions at
√
s = 5.02
TeV. In peripheral collisions with Npart = 2, correspond-
ing to p+p, both models agree with the CMS measure-
ment [22]. The rcBK results demonstrate expected log-
arithmic dependence on the number of participants. To
assure that this is not an artefact of neglecting the higher
order correlations in the JIMWLK evolution, the IP-
Glasma model [23] was used, which circumvents the prob-
lem of solving JIMWLK by parametrization of the satu-
ration scale via the IP-Sat [24] model fitted to the HERA
data. The IP-Glasma model reproduced the rcBK result
with high precision [37]. We also verified Eq. (3) in the
KLN model [25]. This agreement of different implemen-
tations of the CGC suggests that Eq. (3) is a universal
property of the CGC.
As studied in Refs. [13, 26] both the WNM and CGC
can describe the data on d+Au collisions at RHIC. As
seen from Fig. 1, the difference between the two models is
noticeable in the region with high number of participants,
Npart > 12. We argue that this region is accessible at the
LHC. Indeed, as demonstrated in Fig. 2, the probability
distribution of Npart in p+Pb collisions is high even for
Npart = 20. This result is based on the standard Glauber
Monte-Carlo model with the Gaussian inelastic nucleon-
nucleon profile [14, 27] and the inelastic cross section σ =
70 mb.
It is a formidable problem to assess, in a model-
independent way, the number of wounded nucleons. Con-
sequently, the observation presented in Fig. 1 may be
challenging to test experimentally. Based on Fig. 1, one
may speculate, that the WNM and the CGC should re-
sult in very different multiplicity distributions at high
numbers of produced particles, Nch. This is because
events with high Nch are correlated with those having
high number of participants, where the color coherence
effects are best visible. However, this is not supported
by direct calculations. As shown in Fig. 3, for a large
number of participants, Npart > 10, fluctuations of the
number of produced particles at a given Npart are signif-
icantly larger in the CGC than in the WNM [38]. Con-
sequently the projected multiplicity distributions of the
model predictions in Fig. 3 are approximately the same
within the uncertainties of the models [39].
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FIG. 4: The average number of participants, 〈Npart〉, at a
given number of produced charged particles at midrapidity,
Nch, in the Wounded Nucleon Model and the Color Glass
Condensate in p+Pb collisions at
√
s = 5.02. The average
number of participants can be replaced by the mean number
of particles in a (broad) vicinity of a nucleus fragmentation
region, 〈Nch(y ∼ yA)〉, where yA is a nucleus rapidity (see
the text for more details). Alternatively 〈Npart〉 could be
estimated via the number of high k⊥ particles (pions, photons
etc.) that are known to scale with the number of collisions,
which is equivalent to Npart in p+A.
In this Letter we propose a novel approach to discrim-
inate between the CGC and the WNM. In Fig. 4 we
present the relation between the average number of par-
ticipants at a given number of produced charged particles
at midrapidity. The CGC and the WNM lead to very
different relations especially for low and large number of
produced particles. For example, at Nch = 140 the mean
number of participants differs approximately by 50%, be-
ing larger in the WNM than in the CGC. At Nch = 10
the situation is opposite with more participants, on av-
erage, in the CGC than the WNM. The latter can be
deduced from Figs. 1 and 3. Indeed, in the CGC, events
with a broad range of Npart can deliver a small number
of particles, wherein in the WNM only events with small
Npart can yield small Nch. At large Nch, strong fluctua-
tions in the CGC can lead to a large number of produced
particles even if Npart is not particularly large.
One could argue that 〈Npart〉 is as difficult to mea-
sure as Npart, which is, however, not the case. The
mean number of participants at a given Nch at zero
(pseudo)rapidity can be extracted in several ways. Be-
low, we list them in descending order of theoretical reli-
ability and experimental accessibility.
1. Number of charged particles in a vicinity of the nu-
cleus fragmentation region, dN/dη|η∼ηA . For suf-
ficiently high (pseudo)rapidity it is proportional to
(Npart − 1) modulo small corrections. This observ-
able can be further improved by considering the
difference (dN/dη|η=η∗ − dN/dη|η=−η∗), in which
central rapidity effects cancel out. We checked that
the ratio of this combination to 〈Npart〉 is indepen-
dent of Nch in the rcBK model already at the mod-
erate values of η∗ ≥ 2.
2. It is known that at large k⊥ particles scale with the
number of collisions, Ncoll = Npart−1 in p+A. This
is the case in the CGC, where RpPb = 1 [20]. Thus
the average number of participants in Fig. 4 can be
replaced by the number of high k⊥ particles.
3. The observable proposed in 2), can also be applied
to high k⊥ photons.
In conclusion, we argued that p+A collisions at the
LHC have potential to produce the evidence for the Color
Glass Condensate. The CGC predicts a logarithmic de-
pendence of the midrapidity average number of produced
particles on the number of participants (wounded nucle-
ons). This is a direct manifestation of the color coher-
ence effects present in the CGC. As we demonstrated,
in central p+Pb collisions the mean number of particles
at midrapidity in the CGC is expected to be smaller ap-
proximately by a factor of 2 compared to predictions of
the Wounded Nucleon Model, where the mean number
of particles depends linearly on Npart. Similar depen-
dence is expected to be present in all models based on
the Glauber initial conditions disregarding color coher-
ence effects. Based on this observation we proposed a
novel and straightforward measurement, which can be
carried out at the LHC.
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Note added. — After submission of our paper to Phys-
ical Review Letters, preliminary data were presented by
the ATLAS Collaboration on p+Pb collisions [28]. The
dependence of the number of charged particles on the
number of participants appears to be close to linear, sug-
gesting that the WNM is applicable at LHC energies.
This conclusion is sensitive, however, to how the number
of participants is extracted in p+Pb collisions.
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